Replication-Associated Repair of Adenine:8-Oxoguanine Mispairs by MYH  by Hayashi, Harutoshi et al.
Current Biology, Vol. 12, 335–339, February 19, 2002, 2002 Elsevier Science Ltd. All rights reserved. PII S0960-9822(02)00686-3
Replication-Associated Repair of
Adenine:8-Oxoguanine Mispairs by MYH
[6], at its C terminus, and, indeed, it can physically inter-
act with PCNA [7]. Based on these properties of the
MYH protein and the replication-dependent formation of
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1Division of Medical Science A:8-oxoG mispairs, we proposed a hypothesis in which
MYH-initiated base excision repair of A:8-oxoG shouldFox Chase Cancer Center
Philadelphia, Pennsylvania 19111 be closely associated with DNA replication through di-
rect interaction between MYH and PCNA [8]. To test2 Division of Neurofunctional Genomics
Medical Institute of Bioregulation this hypothesis, we developed an in vivo repair assay
system. In this system, murine cultured cells were co-Kyushu University
and CREST transfected with two circular plasmid DNAs (Figure 1A).
One plasmid carried an A:8-oxoG mispair in the lacZJST
Fukuoka 812-8582 -complementation fragment, a replication cassette de-
rived from mouse polyoma virus, and the ampicillin-Japan
resistant gene (pAmp-Py-lac) and was used as a repair
substrate. The other plasmid contained the same repli-
cation cassette and the tetracycline-resistant geneSummary
(pTet-Py) and was used as a control in order to normalize
the efficiencies of transfection and subsequent bacterialCellular DNA is constantly exposed to the risk of oxida-
tion. 8-oxoguanine (8-oxoG) is one of the major DNA transformation. We also used two DNA substrates with
8-oxoG: one in which 8-oxoG was placed on the tem-lesions generated by oxidation, which is primarily cor-
rected by base excision repair. When it is not repaired plate strand for lagging strand DNA synthesis, and the
other in which 8-oxoG was placed on the templateprior to replication, replicative DNA polymerases yield
misinsertion of an adenine (A) opposite the 8-oxoG on strand for leading strand synthesis. After 3 days of incu-
bation, the plasmid DNA was recovered from trans-the template strand, generating an A:8-oxoG mispair
[1]. MYH, a mammalian homolog of Escherichia coli fected cells and treated with E. coli MutY, exonuclease
III, and mung bean nuclease to linearize the DNA sub-MutY, is a DNA glycosylase responsible for initiating
base excision repair of such a mispair by excising the strate carrying unrepaired A:8-oxoG. The treated DNA
was then used for transformation of the DH10B bacterialadenine opposite 8-oxoG [2]. Here, using an in vivo
repair system, we show that DNA replication enhances strain, and colonies that formed on ampicillin/IPTG/X-
gal-containing plates and on tetracyclin-containingthe repair of the A:8-oxoG mispair. Repair efficiency
was lower in MYH-deficient murine cells than in MYH- plates were counted. The DNA in which A:8-oxoG was
repaired to C:G by the MYH-initiated mechanism wasproficient cells. Transfection of the MYH-deficient cells
with a wild-type MYH expression vector increased the expected to form blue colonies, whereas the DNA in
which A:8-oxoG is converted to A:T was expected toefficiency of A:8-oxoG repair, indicating that a signifi-
cant part of this replication-associated repair depends carry a stop codon in the lacZ gene and form white
colonies (Figure 1B). The linearized DNA would not formon MYH. Expression of a mutant MYH in which the
PCNA binding motif was disrupted did not increase the colonies.
When the replication-proficient DNA substrate wasrepair efficiency, thus suggesting that the interaction
between PCNA and MYH is critical for MYH-initiated used for A:8-oxoG repair, the DNA that became resistant
to MutY digestion was recovered with 14-fold higherrepair of A:8-oxoG.
efficiency than that found with the replication-deficient
DNA substrate (represented by the total area of the pieResults and Discussion
charts and the numbers shown under the pie charts in
Figure 2). The low yield of ampicillin-resistant coloniesHuman MYH protein has enzyme activities for removing
in the absence of replication suggests that the A:8-oxoGan adenine at the A:8-oxoG mispair as well as a
mispair cannot be efficiently repaired without replication2-hydroxyadenine (2-OH-A) at the 2-OH-A:G mispair [3].
(the uppermost pathway versus the lowermost pathwayA:8-oxoG mispair is formed in vivo during DNA replica-
in Figure 1B). Accordingly, the high yield of ampicillin-tion by two mechanisms: either by incorporation of an
resistant colonies in the replicative system is likely toadenine nucleotide opposite an 8-oxoG derived from
result from enhancement of the repair efficiency by repli-the direct oxidation in the template strand [1], or by
cation (the second and fourth pathways of Figure 1B).incorporation of an 8-oxodGTP that results from direct
An alternative explanation for the difference between theoxidation of dGTP in the nucleotide pool [4]. Recently,
replicative and nonreplicative systems is that replicationit has been demonstrated that MYH colocalizes with PCNA
did not enhance the repair efficiency, but amplified theat DNA replication foci [5]. Mammalian MYH carries a
DNA substrate following its repair. To distinguish theseconsensus motif for binding to PCNA, [QXX(I/L/M)XXFF]
possibilities, we estimated the replication efficiency in
our assay system by treatment with DpnI, which digests3 Correspondence: y_matsumoto@fccc.edu
the original DNA substrates at fully methylated GATC4 Present address: Philadelphia College of Osteopathic Medicine,
Philadelphia, Pennsylvania 19131. sequences, but not the DNA that contains only hemi-
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Figure 2. In Vivo Repair Assay for A:8-OxoG Mispair with Replicative
and Nonreplicative DNA Substrates
The number above each pie chart indicates the percentage of blue
colonies out of the total number of colonies on an ampicillin/IPTG/
X-gal-containing plate, which constitutes the shaded region of the
pie chart. The number below each pie chart indicates the ratio of
the total number of ampicillin-resistant colonies to the number of
tetracycline-resistant colonies, which is reflected by the size of the
pie chart (area). The pTet-Py plasmid used as a control was replica-
tion proficient in all experiments. The data represent the mean from
three independent experiments along with the standard deviation.
repair reaction of A:8-oxoG is significantly enhanced by
replication of the DNA substrate in vivo.
When the DNA substrate is replicated prior to repair,
the A:8-oxoG mispair will dissociate and each base will
respectively serve as a template. Biochemical character-
ization of DNA polymerase  reveals that this replicative
enzyme mainly inserts an adenine opposite an 8-oxoG [1].
The progeny DNA derived from the strand containing
the adenine at the mispair site is expected to form a
white colony, while the progeny DNA derived from the
strand containing the 8-oxoG should form a blue colony
if it is repaired as expected. We sequenced 20 each of
blue and white colonies from the experiments shown in
Figure 2 and verified that 19 of the blue colonies (95%)
contained the correctly repaired sequence (A:8-oxoG→
Figure 1. Procedures of the In Vivo Repair Assay of an A:8-OxoG C:G) and that 19 of the white colonies (95%) contained
Mispair an A:T pair at the original mispair site. These results
(A) pAmp-Py-lac DNA substrates carrying an A:8-oxoG mispair in indicate that the replication-associated repair of 8-oxoG
the lacZ gene were constructed by in vitro ligation as described in
is relatively accurate and does not result from randomthe Experimental Procedures. These substrates contain a mouse
nucleotide insertion opposite the 8-oxoG.polyoma replication cassette either with the PyF101 mutant en-
We also observed that the repair efficiency of thehancer/origin (replication proficient) (ref) or with an enhancer/origin
deleting the AT-rich region and the central palindrome (replication substrate carrying 8-oxoG on the template for leading
deficient). O, 8-oxoG; ExoIII, exonuclease III; MBN, mung bean strand synthesis was higher than that of the substrate
nuclease. carrying 8-oxoG on the template for lagging strand syn-
(B) Scheme of color selection for repaired products. This flow chart
thesis, and the efficiency exceeded the expected maxi-represents the scheme for the DNA substrate carrying 8-oxoG on
mum efficiency, 50% (Figure 2). There are several possi-the template strand for lagging strand synthesis, while a similar
ble explanations provided. Firstly, this strand-specificflow chart representing the DNA substrate carrying 8-oxoG on the
template for leading strand synthesis is omitted. effect may result from differences in the sequence con-
text around the mispair or differences of the replication
complexes engaged in the two strands, such as the
number of loaded PCNA molecules or the involvement ofmethylated or unmethylated GATC sequences after rep-
lication in murine cells. The percentage of replicated DNA polymerase. It is also possible that the preexisting
A:8-oxoG mispair on the DNA substrate may be repairedDNA among the total DNA recovered from murine cells
was 19  9% (data not shown), suggesting that the before the replication fork dissociates the mispair into
two strands at a replication site wherein the MYH proteinamplification of repaired DNA by replication, if any, can
cause only a minor effect in this assay system. Thus, is concentrated. Such prereplicative repair of an A:8-
oxoG mispair may contribute in part to the replication-the more than 10-fold increase of A:8-oxoG repair in
replication-proficient DNA substrates indicates that the dependent repair in a strand-specific manner and may
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There are several other possible mechanisms to correct
the A:8-oxoG mispair distinct from MYH-initiated base
excision repair. One prominent possibility is the mecha-
nism of replication itself. DNA polymerase  organized
in replication machinery in vivo may insert a cytosine
opposite the 8-oxoG more frequently than in a purified
form in vitro. Alternatively, one of the trans-lesion DNA
polymerases recently identified [9] may substitute for
DNA polymerase  in bypassing the 8-oxoG on the tem-
plate, incorporating a cytosine. Another possible mech-
anism is MSH2/MSH6-mediated long-patch mismatch
repair. In Saccharomyces cerevisiae, which does not
have a homolog of E. coli MutY, mismatch repair is the
major pathway for repairing the A:8-oxoG mispair [10].
Figure 3. In Vivo Repair Assay after Replication for A:8-OxoG Mis- Nevertheless, our data suggest that a significant fraction
pair in MYH-Proficient and MYH-Deficient Cells of replication-associated A:8-oxoG repair is mediated
Only the DNA substrates actually replicated were selected for repair by MYH in mammalian cells.
assay by digesting the DNA recovered from murine cells with DpnI. To further confirm the involvement of MYH in replica-
The data represent the mean of five independent experiments.
tion-associated repair of A:8-oxoG, we reintroduced the
MYH protein into MYH-deficient cells by transfection
with an expression vector coding for mouse MYH (Figure
result in blue colony formation of greater than 50% (Fig-
4B). The expression of wild-type MYH resulted in a solid
ure 2, right lower panel). Another possibility is that one
increase of repair efficiency, supporting the repair
of the two strands of the DNA substrates may be more
mechanism mediated by MYH. In contrast, expression
preferentially utilized as a template for replication, which of a mutant MYH wherein the consensus PCNA binding
can also provide an explanation for blue colony forma- motif was disrupted did not enhance repair efficiency
tion of greater than 50%. Yet another possibility is that at all, though the expression level of mutant MYH was
transcription may cause strand-specific repair. How- comparable to that of the wild-type MYH (Figure 4A). It
ever, this possibility is unlikely for two reasons: first, is not clear at this moment why the strand bias of A:8-
no known mammalian promoter exists that may cause oxoG repair was not observed in MYH-transfected cells.
transcription at the mispair region in the DNA substrate One possible explanation is that the expression level
used; and second, no transcriptional products spanning and/or regulation of MYH from the EF-1 promoter in
the mispair region were detected by RT-PCR (data not the transfected cells may be different from those of the
shown). Nevertheless, it is difficult to rule out the possibility endogenous MYH gene that is regulated in a cell cycle-
of an undetectable level of read-through transcription. dependent manner [5] and therefore cannot reproduce
To examine if the replication-associated repair of A:8- the strand-biased repair. Nevertheless, the results with
oxoG is indeed mediated by MYH, we compared the MYH-transfected cells suggest that the interaction be-
repair efficiencies in MYH-proficient and MYH-deficient tween MYH and PCNA through the consensus motif is
murine cells (Y.T., S.H., and Y.N., unpublished data). critical for replication-associated repair by MYH.
In order to focus on replication-associated repair, an MYH is one of the two mammalian DNA glycosylases
experiment was performed in which the DNA recovered that have been demonstrated to physically interact with
from transfected murine cells was treated with DpnI, PCNA through the consensus binding motif. The other
digesting all the unreplicated DNA. In both strand situa- DNA glycosylase is a nuclear form of uracil DNA glycosy-
tions, the correct repair of A:8-oxoG (as assessed by lase, UNG2 [11]. Similar to MYH, one of the targets of
the relative ratio of blue colonies to the total number of UNG2 is a mispair generated during replication through
colonies) was more efficient in MYH-proficient cells than incorporation of a uracil opposite an adenine. UNG2
in MYH-deficient cells (Figure 3). It is not surprising that colocalizes with PCNA at replication foci in mammalian
murine cells lacking MYH were able to repair A:8-oxoG cells [11]. Both MYH and UNG2 also bind to RPA, which
is essential for replication [12], but not for base excisionat a certain level in the replication-associated manner.
Figure 4. A:8-OxoG Repair in MYH-Deficient
Cells Transfected with an Expression Vector
for the Wild-Type or Mutant MYH
(A) Western blot of MYH. The MYH protein
expressed in transiently transfected MYH-
deficient cells was detected with anti-c-Myc
antibody for its C-terminal tag. The same
blotted membrane was reprobed with anti-
Actin antibody.
(B) In vivo repair assay with MYH-deficient
cells transfected with an MYH expression vec-
tor. The replicated DNA was selected for assay
as described in Figure 3. The data represent
the mean of three independent experiments.
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because PCNA, which is loaded primarily on the split
side of the replication fork, would not efficiently assist
MYH’s function in front of the replication fork. Rather,
it is more reasonable that A:8-oxoG mispairs would be
repaired immediately after their formation at the repli-
cated site. It has been proposed that PCNA could coor-
dinate long-patch mismatch repair with replication [15].
In this scenario, the orientation of a PCNA trimer loaded
on DNA may aid the mismatch repair complex in distin-
guishing the newly synthesized strand from the template
strand. MYH may employ a similar mechanism. An ade-
nine incorporated opposite the 8-oxoG on the template
strand must be removed from the newly synthesized
strand. Conversely, an A:8-oxoG mispair generated by
incorporation of 8-oxodGTP opposite an adenine re-
quires that the 8-oxoG on the newly synthesized strand
must be removed, whereas the adenine on the template
strand should be maintained to preserve the original
genetic information. This mechanism for selective rec-
ognition of a newly synthesized strand through interac-
tion with PCNA could prevent MYH from causing muta-
tions by removing an adenine on the template strand.
Experimental Procedures
Cell Lines
The wild-type mouse embryonic fibroblast cell line [16] was main-
tained as previously described [17]. The procedures for establishing
wild-type and MYH knockout mouse embryonic stem (ES) cells will
be described elsewhere (Y.T., S.H., and Y.N., unpublished data).
The absence of MYH in MYH-deficient cells was confirmed by immu-
noblotting and a nicking assay with A:8-oxoG-containing DNA (dataFigure 5. Schematic Models of Replication-Associated Repair of
not shown). Before performing the repair assay, the ES cells wereA:8-OxoG Mispair by MYH
differentiated by omitting leukemia inhibitory factor from the me-(A) Incorporation of an adenine opposite an 8-oxoG during repli-
dium, and they were maintained in DMEM medium supplementedcation.
with 20% fetal bovine serum, 100 U/ml penicillin, 100 g/ml strepto-(B) A model for replication-coupled repair in which MYH interacts
mycin, and 0.1 mM -mercaptoethanol.with the replication complex.
(C) A model for postreplicative repair in which MYH interacts with the
Construction of DNA SubstratesPCNA remaining on the DNA after replication. The newly synthesized
pAmp-Py-lac was constructed by inserting the polyoma replicationstrand is shown as a dark-shaded helix, while the template strand is
cassette derived from pMGD20neo [18, 19] into the AflIII and SapIshown as a light-shaded helix. Pol , DNA polymerase ; O, 8-oxoG;
sites of pBS– or pBS (Stratagene). For the replication-deficientA, adenine.
construct, 46 bp containing the A/T-rich region and the central palin-
drome of the origin core were deleted. Covalently closed circular
DNA (cccDNA) that carried an A:8-oxoG mispair was prepared by
repair [13, 14]. Therefore, the interactions of MYH and essentially the same procedures as previously described [20]. pTet-
Py was constructed by deleting the ampicillin-resistant gene fromUNG2 with PCNA may serve to recruit these DNA glyco-
pBR322 and inserting the polyoma replication cassette into the re-sylases to the replication sites, facilitating repair of two
sultant plasmid.types of lesions generated by replication. In addition,
2-OH-A, which can also be repaired by MYH, is mostly
In Vivo Repair Assayderived from the insertion of 2-OH-dAMP into a newly
Murine cells were seeded onto 6-well plates at a concentration of
synthesized strand, but not from direct oxidation of ade- 2  103 cells per well approximately 24 hr before transfection. The
nine on a template strand [3]; thus, its repair is also likely cells in each well were cotransfected with 0.1 g of a mispair-
carrying pAmp-Py-lac and 0.5 g pTet-Py by lipofectAMINE 2000to depend on the replication-associated mechanism
(Life Technologies). At 72 hr after transfection, cells were rinsedwith MYH. It is not clear from currently available data
with cold phosphate-buffered saline (PBS) and then treated withwhether these DNA glycosylases interact directly with
1% NP-40 in PBS for 1 min. After cells were washed with PBS, thethe replication machinery to couple repair with replica-
attached nuclei were collected [21]. The plasmid DNA was recovered
tion or if they bind to PCNA molecules remaining on the from the nuclei with the QIAGEN miniprep kit. The recovered DNA
replicated DNA for postreplicative repair (Figure 5). In was incubated with 10 U MutY (Trevigen) at 37C for 1 hr in the
MutY reaction buffer (Trevigen) and subsequently incubated withthe repair reaction with the DNA substrates used in this
exonuclease III and mung bean nuclease (both from New Englandstudy, it is also possible that the preexisting A:8-oxoG
Biolabs) in the buffer supplemented with 10 mM MgCl2 at 37C foris repaired before replication dissociates the mispair.
45 min. When noted, the DNA samples were digested with 2 U DpnIHowever, this prereplicative repair is unlikely to work
(New England Biolabs). Finally, the DNA samples were used for
for endogenous A:8-oxoG mispairs, because the mispair transformation of DH10B by electroporation, and the bacteria were
formed during replication would remain for the whole spread on an LB agar plate containing ampicillin, IPTG, and X-gal
and on an LB agar plate containing tetracycline. The number ofcell cycle until the next round of replication, and also
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7, 1211–1218.Expression of Wild-Type MYH and Its Mutant
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